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Abstract
Objectives: Quantiﬁcation of left ventricular (LV) mass has important prognostic
implications. However, accurate measurement of LV mass has been difﬁcult, in part
because of the oblique angle at which the heart lies within the chest and the contin-
uous movement of the heart itself. Multislice computed tomography (MSCT) allows
assessment not only of coronary stenosis but LV volume, function, and mass. A novel
three-dimensional (3D) region-growing-based semi-automated segmentation algo-
rithm for measurements of LV mass, volume, and function was recently developed.
This study evaluated this new 3D automated method for measurement of LV mass,
by comparison with a well-established 2D manual contour-drawing algorithm.
Methods and results: The study population consisted of 50 consecutive
patients who underwent ECG-gated MSCT for evaluation of coronary arteries.
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The 3D algorithm for reliable segmentation was unsuccessful in two patients. In the
remaining 48 patients, however, LV segmentation using this algorithm was performed
and delivered visually reliable segmentation results. The 3D algorithm for analysis of
LV function and mass is feasible based on volumetric data, and exhibits good corre-
lation and agreement with the results obtained with the conventional 2D algorithm.
The time required for the new automated algorithm was signiﬁcantly shorter than
that for the manual contour-drawing algorithm (P < 0.0001) (automated algorithm:
468.0± 205.1 s, manual algorithm: 1362.4± 410.5 s, mean± S.D.).
Conclusions: The 3D semi-automated region-growing segmentation algorithm for anal-
ysis of LV function and mass is feasible based on volumetric data, and exhibits good
correlations and agreement with the results of the conventional 2D manual contour-
drawing algorithm.
e of Cardiology. Published by Elsevier Ireland Ltd. All rights
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up patients with previous coronary artery bypass
grafting or percutaneous transluminal intervention
(13 patients). Of all 50 patients, 10 had previous© 2008 Japanese Colleg
reserved.
ntroduction
ssessment of left ventricular (LV) function is essen-
ial for the diagnosis and management of patients
ith coronary artery disease, valvular disease, and
ardiomyopathy. Furthermore, quantiﬁcation of LV
ass has important prognostic implications [1].
he Framingham Study, among others, showed that
ncreased LV mass is associated with signiﬁcantly
ncreased cardiovascular mortality and morbidity
2]. However, accurate measurement of LV mass has
een difﬁcult, in part because of the oblique angle
t which the heart lies within the chest, the con-
inuous movement of the heart itself and breathing,
nd the lack of a technique for imaging of the entire
eart. Many previous studies examining the prog-
ostic effects of LV hypertrophy (LVH) have used
wo-dimensional (2D) transthoracic echocardiogra-
hy with direct visualization of the myocardium
nd real-time imaging [2—4]. However, this method
s operator-dependent, and may be impaired by a
oor acoustic window and inadequate endocardial
order discrimination in 5—10% of patients [5,6].
urthermore, the assumption of geometric shape
or both M-mode and 2D echocardiography may
ead to error, particularly since variations in ven-
ricular geometry affect calculated LV mass [6].
hree-dimensional (3D) techniques are thus clearly
etter than 2D methods with assumptions about
entricular shape.
Recently, the introduction of retrospectively
lectrocardiogram (ECG)-gated multislice com-
uted tomography (MSCT) has enabled detection
f stenoses and plaque in the coronary arteries.
oreover, with ECG-gated image acquisition, car-
iac MSCT provides images at different phases
f the cardiac cycle, and thus allows assessment
f LV volume at end-diastole and end-systole.
revious studies comparing MSCT and magnetic res-
nance imaging (MRI) have shown high correlations
m
P
u
setween LV end-systolic volume (ESV) and end-
iastolic volume (EDV), stroke volume (SV), and
jection fraction (EF) [7,8]. However, conventional
anual contour-drawing of endocardial and epi-
ardial borders in multiple short-axis slices is very
ime-consuming [9]. Recently, although a novel 3D
egion-growing-based semi-automated segmenta-
ion algorithm has been developed, the old version
s unable to delineate the epicardial border and
easure LV mass [10]. However, the new version
llows measurements of not only LV volume and
unction but also LV mass.
The purpose of this study using MSCT was to eval-
ate whether the new 3D automated method could
e used for measurements of LV mass, volumes, and
unction, by comparison with the well-established
D manual contour-drawing algorithm.
ethods
atients
he study population contained 50 consecutive
atients (38 males, 12 females; mean age± S.D.,
2± 10 years) clinically indicated for MSCT angiog-
aphy for coronary artery evaluation. Their indi-
ations for MSCT angiography were suspicion of
oronary artery disease (37 patients based on
ither clinical presentation in the form of stable or
nstable angina pectoris and/or equivocal exercise
olerance test/myocardial perfusion radionuclide
tudy results for atypical chest pain) or followingyocardial infarction and LV asynergy (Table 1).
atients with chronic arrhythmias or who were
nable to hold their breath were excluded. The
tudy was approved by the hospital ethics commit-
278
Table 1 Patient characteristics
Characteristic Value
Total number 50
Age (years) 62± 10
Men, n (%) 38 (76)
Hypertension, n (%) 40 (80)
Diabetes mellitus, n (%) 11 (22)
Hypercholesterolemia, n (%) 17 (34)
Current smoker, n (%) 36 (72)
Previous PCI, n (%) 1 (2)
Previous CABG, n (%) 12 (24)
Previous myocardial infarction, n (%) 10 (20)
Values are mean± S.D. or numbers (percent). PCI, percuta-
neous transluminal coronary intervention; CABG, coronary
artery bypass grafting.
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Fig. 1 Images A—D show segmentation results for the region
and diastole (C and D) with the 3D data set. The region-grow
epicardial borders in long-axis and short-axis cardiac planes.T. Okuyama et al.
ee, and informed consent was obtained from all
atients before the study.
SCT image acquisition and reconstruction
mage acquisition was performed during a sin-
le breath-hold in the cranio-caudal direction
sing a 64-slice CT scanner (Somatom Sensation
4; Siemens Medical Solutions, Forchheim, Ger-
any). Patients with a heart rate of >65 beats/min
eceived 20—60mg metoprolol orally 2 h before the
SCT scan (42/50; 84%). In addition, all patients
eceived 0.6mg nitroglycerin sublingually imme-
iately before the MSCT scan. During the scan,
he ECG signal was digitally recorded; all patients
ncluded exhibited sinus rhythm throughout the
can.First, a non-contrast ECG-gated scan was deter-
ined to determine the calcium score. Then, for
oronary CT angiography, 65—85ml of contrast
edium (Iopamiron 370, Bayer HealthCare, Berlin,
-growing algorithm (CIRCULATION 2) in systole (A and B)
ing algorithm can automatically detect endocardial and
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ermany), depending on the patient’s body weight,
as injected through a dual-head injector at a rate
f 4.0ml/s into a cubital vein, followed by 30ml
f saline solution chaser. The scan delay was deter-
ined using the bolus tracking technique. The CT
xamination was performed with a tube voltage
f 120 kV, effective tube current—time product of
70 eff. mAs, collimation of 64× 0.6mm, pitch of
.2, and gantry rotation time of 330ms.
From the raw data of each scan, axial imageeries were reconstructed every 10% (0—90%) of
he RR interval with an effective slice thickness of
.75mm and an increment of 0.4mm. A ﬁeld of
iew of 180mm× 180mm, 512× 512 matrix, and
s
P
w
(
ig. 2 Images A and B show representative mid-ventricular
picardial borders in systole (A) and diastole (B) as required fo
nd mass were automatically determined using Simpson’s me279
edium smooth convolution kernel (B25f) were
pplied.
nalysis of LV mass, volume, and function
mage analysis was performed by a cardiologist with
years of experience in cardiac imaging.
ovel 3D region-growing-based semi-automated
egmentation algorithm (CIRCULATION 2
oftware)
rior to LV analysis, all 10-phase axial image series
ere loaded into the CIRCULATION 2 software
Siemens); a 10-phase cine loop of the LV in the
short-axis images with manually drawn endocardial and
r ARGUS evaluation. Left ventricular volumes, function,
thod (C).
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vertical long-axis view (two-chamber view) was
displayed, and in each patient the phases of end-
systole and end-diastole were determined visually.
An axial scan is used to derive vertical long-axis
image, where the scan plane passes through the
apex, middle of the mitral valve ring, and through
the left atrium, parallel to the ventricular sep-
tum. The only manually added preparation required
before automated LV analysis was the setting of
a short-axis plane at the base of the LV pass-
ing through the mitral valve and a single mouse
click in the lumen of the LV in both end-systole
and end-diastole. The region-growing algorithm can
automatically detect endocardial and epicardial
borders in 3D data set (Fig. 1). This algorithm
optimizes a ratio between maximum volume and
maximum surface of the object that is to be seg-
mented without deﬁning a hard-border separation
between blood pool, endocardium, and epicardium,
and calculates the segmented volumes by sim-
ple voxel count, with subsequent multiplication by
voxel size. The basal slice of the LV is identiﬁed
automatically. After automated calculation of the
LV mass, volumes, and function, the segmentation
results were checked visually, and the upper seg-
mentation threshold could be adapted individually,
depending on contrast enhancement and the ini-
tial segmentation results. The length of time from
the beginning of the automated segmentation con-
tour drawing to display of the LV mass and function
results was recorded.
Conventional 2D manual contour-drawing
algorithm (ARGUS software)
Initially, for image analysis with manual contour
drawing, double-oblique 5-mm multiplanar recon-
structions (MPRs) without an interslice gap were
calculated along the LV short axis. All 10-phase axial
image series were loaded into the ARGUS (Siemens)
software. Short-axis MPRs of the end-systole and
end-diastole phases were analyzed using ARGUS
software [10]. In accordance with other studies,
the ﬁrst slice with a visible LV lumen was deﬁned
as the LV apex, with basal slices with less than a
180◦ circumferential LV muscle ring at end-systole
excluded from analysis as described recently [11].
Endocardial and epicardial borders of the LV were
traced manually in end-systole and end-diastole
(Fig. 2). Since the novel region-growing algorithm
based on CT values of the contrast-enhanced ven-
tricular lumen and cardiac muscle excluded the
soft tissue-dense papillary muscles, papillary mus-
cles in the ARGUS analysis were also manually
assigned to the LV muscle. EDV, ESV, EF, SV, and
myocardial mass were automatically determined
using Simpson’s method. The length of time from
L
t
o
t
aT. Okuyama et al.
he beginning of the manual contour drawing to dis-
lay of the LV mass and function results was also
ecorded. Validation of this method by comparison
ith MRI has already been performed in other stud-
es [8,12,13].
nter- and intraobserver variabilities
o assess interobserver and intraobserver variabili-
ies, LV analyses using the novel 3D algorithm was
erformed in 15 randomly selected patients by
wo independent observers and repeated by each
bserver 2 weeks later. Both observers were car-
iologists with 3 years of experience in cardiac
maging, and blinded to each other’s results and to
linical ﬁndings.
tatistical analysis
esults are the mean± S.D. Agreement for LV mass,
olumes, and function was determined by Pearson’s
orrelation coefﬁcient and Bland-Altman analysis.
ifferences in the length of time required for LV
nalysis (including calculation and correction of
nd- and epicardial contours, and excluding upload-
ng of images and the generation of short-axis
mages) between ARGUS and CIRCULATION 2 were
xamined by the paired Student’s t-test. Values of
< 0.05 were considered signiﬁcant.
esults
he CIRCULATION 2 algorithm for reliable segmen-
ation was unsuccessful in two patients. In these
wo patients, regardless of manual adaptation of
he upper segmentation threshold, segmentation
xceeded the LV and included parts of the adja-
ent right ventricular lumen. In the remaining
8 patients, however, LV segmentation was per-
ormed applying the CIRCULATION 2 algorithm, and
elivered visually reliable segmentation results.
RGUS evaluation with manually drawn endocar-
ial and epicardial contours could be completed in
ll patients. Further analyses of LV mass, volumes,
nd function obtained with the two algorithms were
erformed in the remaining 48 patients.
Table 2 shows absolute values of EDV, ESV,
V, EF, and mass measured with the two algo-
ithms in patients with (n = 10) and without (n = 38)
V asynergy. As shown in Fig. 3, analysis by
he Bland-Altman method in the measurement
f EDV, ESV, SV, EF, and mass demonstrated
hat the CIRCULATION 2 algorithm had good
ccuracy. The mean differences in EDV, ESV,
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Ta
bl
e
2
An
al
ys
is
of
le
ft
ve
nt
ri
cu
la
r
vo
lu
m
es
,
fu
nc
ti
on
,
an
d
m
as
s
in
pa
ti
en
ts
w
it
h
an
d
w
it
ho
ut
le
ft
ve
nt
ri
cu
la
r
as
yn
er
gy
Pa
ti
en
ts
w
it
h
le
ft
ve
nt
ri
cu
la
r
as
yn
er
gy
(n
=
10
)
Pa
ti
en
ts
w
it
ho
ut
le
ft
ve
nt
ri
cu
la
r
as
yn
er
gy
(n
=
38
)
AR
G
U
S
CI
RC
2
Co
rr
el
at
io
n
P
AR
G
U
S
CI
RC
2
Co
rr
el
at
io
n
P
En
d-
di
as
to
lic
vo
lu
m
e
(m
l)
16
0.
2
±
43
.5
16
1.
0
±
43
.6
0.
99
5
<0
.0
00
1
13
5.
7
±
30
.0
13
3.
9
±
27
.7
0.
97
3
<0
.0
00
1
En
d-
sy
st
ol
ic
vo
lu
m
e
(m
l)
81
.5
±
34
.5
81
.2
±
34
.5
0.
99
8
<0
.0
00
1
50
.8
±
18
.3
50
.6
±
19
.1
0.
97
7
<0
.0
00
1
St
ro
ke
vo
lu
m
e
(m
l)
78
.7
±
22
.5
79
.8
±
22
.3
0.
98
2
<0
.0
00
1
84
.9
±
22
.2
83
.3
±
20
.1
0.
97
9
<0
.0
00
1
Ej
ec
ti
on
fr
ac
ti
on
(%
)
50
.1
±
10
.6
50
.6
±
10
.7
0.
98
8
<0
.0
00
1
62
.8
±
9.
2
62
.6
±
9.
5
0.
98
7
<0
.0
00
1
M
as
s
(g
)
16
4.
5
±
43
.3
17
0.
4
±
44
.4
0.
93
2
<0
.0
00
1
15
1.
3
±
50
.0
16
0.
1
±
54
.0
0.
97
6
<0
.0
00
1
Va
lu
es
ar
e
m
ea
n
±
SD
.
S
w
−
i
f
a
1
2
t
S
a
1
w
m
t
o
m
s
w
t
D
I
t
s
m
2
d
e
2
p
t
o
m
f
t
e
d
m
C
t
a
L
g
t
t
s
a
r
i
i
a281
V, EF, and mass between the two algorithms
ere −0.6± 6.0ml, 0.1± 3.7ml, −0.7± 4.1ml,
0.3± 1.5%, and −8.5± 12.7 g, respectively. The
ntraobserver correlation coefﬁcients and mean dif-
erences in EDV, ESV, SV, EF, and mass were 0.99
nd 0.5± 2.3ml, 0.99 and 0.7± 4.2ml, 0.94 and
.2± 5.9ml, 0.94% and 0.6± 3.8%, and 0.99 and
.0± 5.0 g, respectively. The interobserver correla-
ion coefﬁcients and mean differences in EDV, ESV,
V, EF, and mass were 0.99 and 0.0± 3.5ml, 0.99
nd 2.1± 3.9ml, 0.96 and 2.1± 4.4ml, 0.98% and
.3± 2.5%, and 0.99 and 3.5± 5.1 g, respectively.
The time needed for manual contour drawing
as 1362.4± 410.5 s; evaluation with the auto-
ated region-growing algorithm with setting of
he mitral valve axis and the LV analysis required
nly 468.0± 205.1 s, including the time for seg-
entation calculation. The time required for
emi-automated segmentation with CIRCULATION 2
as signiﬁcantly shorter than that for manual con-
our drawing with ARGUS (P < 0.0001).
iscussion
n the present MSCT study, we evaluated whether
he novel 3D region-growing-based semi-automated
egmentation algorithm could be used for measure-
ent of LV mass, by comparison with conventional
D manual measurement. The LV function and mass
etermined by the novel 3D method exhibited
xcellent correlations with those determined by the
D method, and the 3D method required a shorter
eriod for LV analysis.
Previously, Mühlenbruch et al. demonstrated
hat LV function analysis using the initial version
f this 3D semi-automated region-growing seg-
entation algorithm (CIRCULATION) is technically
easible, accurate, and more time-effective than
he 2D manual contour-drawing method [10]. How-
ver, the old version of this method could not
elineate the epicardial border and measure LV
ass. In contrast, the present, new version (CIR-
ULATION 2) automatically performs delineation of
he endocardial and epicardial borders of the LV,
s well as measurements of LV mass and global
V function parameters. Furthermore, there were
ood correlations for global LV function parame-
ers and LV mass between results obtained with
he two algorithms. In any technique that pre-
umes to measure volumes and mass, moreover, LV
synergy plays a signiﬁcant role. This novel algo-
ithm could be used for measurement of LV mass
n patients with LV asynergy. An important ﬁnd-
ng of the present study is the shorter time for
nalysis required with the semi-automated region-
282 T. Okuyama et al.
Fig. 3 Bland-Altman plots for comparison of the 3D semi-automated region-growing segmentation algorithm and the
for
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econventional 2D manual contour-drawing algorithm. Plots
volume (C), ejection fraction (D), and mass (E) are prese
growing segmentation algorithm for processing of
volumetric data, compared with the conventional
manual approach. In total, 20—30min was required
to assess LV global function and mass using the man-
ual contour-drawing software approach, while the
new method enabled totally automatic evaluation,
and thereby dramatically reduced post-processing
time to approximately 5—10min.
Limits of agreements between 2D and 3D soft-
ware in our study are very small and much better
than those reported in previous studies [10,14]. The
difference of the slice thickness for 2D image anal-
ysis, such as 8-mm or 5-mm, is one possibility for
the discrepancy in results between our and previ-
ous data. In the present study, 5-mm MPRs for image
analysis were used for the 2D conventional manual
algorithm. The main source of limits of agreement
between the 2D and 3D is identifying basal slice of
LV. So, we thought that using 5-mm slice thickness
for 2D image analysis, limits of agreement between
the 2D and 3D software were smaller than those
with 8-mm. Moreover, the time required for man-
ual contour drawing with ARGUS was much longer
than that reported in most previous studies. Müh-
lenbruch et al. showed a post-processing time of
310.0± 52.3 s measuring the LV volume and func-
tion, using short-axis images with a width of 8mm
[10]. The reason for these discrepancies may relate
to the difference of the slice thickness.
2
s
yend-diastolic volume (A), end-systolic volume (B), stroke
.
In the present study, calculations of LV mass
ere compared using different software on ECG-
ated cardiac MSCT scans alone. MRI has, up to
he present, been considered the reference stan-
ard for assessment of LV function and mass.
owever, the availability of cardiac MR scanners
apable of cardiac imaging and the skilled per-
onnel needed to obtain and interpret imaging
esults limits widespread clinical application of
his technique. Furthermore, image acquisition by
ardiac MR is relatively time-consuming. In con-
rast, MSCT has advantages over MRI in terms of
mage acquisition time and its widespread avail-
bility. Furthermore, a meta-analysis demonstrated
hat the global LV functional parameters measured
y MSCT combined with adequate reconstruction
lgorithms and post-processing tools are inter-
hangeable with those obtained by MRI [15]. Since
he main purpose of this study was to evaluate
hether the new 3D automated method (CIR-
ULATION 2), and not MSCT, could be used for
easurement of LV mass, we focused on compar-
son of CIRCULATION 2 with the well-established
RGUS. Here, this novel 3D method of MSCT
xhibits good reproducibility and agreement with
D method.
In 4% (2/50) of the patients included in this
tudy, the 3D region-growing algorithm did not
ield adequate LV segmentation results. Compared
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[utomated quantiﬁcation of LV mass by MSCT
o the group with adequate LV segmentation,
hese patients exhibited signiﬁcantly poorer con-
rast enhancement of the LV contour. For precise
etection of epicardial and endocardial borders
emi-automatic region-growing algorithm needs
omogenous contrast distribution and high contrast
nhancement between ventricular cavity and the
yocardium. Although the saline chaser technique
as been proved to improve the visualization of
oronary arteries and the detection of LV endocar-
ial border, this may hamper precise delineation
f the septal epicardial border of the LV due
o absence of contrast enhancement of the right
entricular cavity. Optimized contrast injection
lanning may be a principal matter to facilitate
utomated segmentation.
Currently available retrospective ECG-gated
SCT is an efﬁcient, noninvasive means of detec-
ion of coronary artery stenosis, with good
ensitivity, speciﬁcity, and very high negative pre-
ictive value [16—18]. However, these good results
re obtained when technically inadequate scans
r patients with rapid heart rates or arrhythmia
re excluded. MSCT scans of the coronary arteries
re still associated with a relatively high radia-
ion dose and requiring iodinated contrast material.
lthough we could not adopt MSCT as the primary
ethod of determining LV mass, it is important
o obtain as much relevant information using the
ame data set as acquired for noninvasive coronary
ngiography.
In conclusion, the 3D semi-automated region-
rowing segmentation algorithm for analysis of LV
unction and mass is feasible based on volumetric
ata, and exhibits good correlations and agreement
ith the results of the conventional 2D manual
ontour-drawing algorithm.
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